Abstract The Gedaref basin in eastern Sudan is believed to be a great tectonic depression filled mainly with continental deposits and Tertiary basalt lava flows. The main aquifers are the Gedaref sandstone aquifer system and the basalts. 70 wells drilled in the Gedaref basin were sampled and analysed for the major cations, major anions, total dissolved solids, alkalinity and hardness. The data were treated with simple statistics, represented with Piper trilinear plots and were the subject of cluster analysis. The interpretations of the applied methods confirm each other and the groundwater was classified into two groups. The water in the sandstone aquifer was dominated by NaHC0 3 while the water in the basalts was partially dominated by alkaline earth.
INTRODUCTION
The town of Gedaref is the agricultural centre of grain production in Sudan. More than half of the millet and sorghum of the country is produced in this area. It provides the mainstay of the economy in Eastern Sudan. Almost all agricultural activities depend on seasonal rains but water supply systems for major town and villages away from rivers and water courses increasingly depend on groundwater. Modern hydrogeological research started in the area in 1968 (Suleiman, 1968) . A number of successful wells were drilled some 7 km to the south of Gedaref and water was pumped to the town. Since then groundwater abstraction has increased and more drilling has taken place. Most of the drilled wells gave fresh water suitable for various uses though some
Open for discussion until 1 October 1995 wells gave saline water not suitable for drinking and other household purposes. Kheir (1980) investigated the groundwater potential in terms of groundwater occurrences and quality characteristics. Adam (1987) made considerable efforts towards a water resources evaluation in the Gedaref basin. A few unpublished reports are available within the archives of the Rural Water Administration and the Sudan Geological Survey Department with some hydrogeological information about the area. The objectives of this study were to describe the composition of the groundwater in the Gedaref area, to describe the spatial variation in groundwater quality, and to account, as far as possible, for the processes controlling the variation in water quality. To achieve the above mentioned objectives water samples were obtained from 70 wells drilled in the Gedaref basin. Each well was pumped for at least 30 min and the samples collected in 1 litre plastic bottles. Electrical conductivity (EC), temperature and pH were measured in the field using portable Karl-Kolb equipment. The collected samples were then taken to the Geochemical Laboratory of the Geology Department, University of Khartoum, for analyses. The analytical techniques included the following: a flame photometer Corning-Eel Evans Electroselenium used for the determination of Na + and K + ; a nephlometer Corning-Eel Evans Electroselenium used for the determination of SO 2^; volumetric methods used for the determination of Ca 2+ , Mg 2+ , HCO3 CI", total alkalinity and total hardness. A linear relation between EC and total dissolved solids (TDS) was used to determine the concentration of dissolved solids, viz:
where the constant C was estimated at 0.7. The analyses conducted in the laboratory and the field measurements were considered as being sufficiently reliable.
The following chemical analyses evaluation techniques were adopted in this study: (i) the accuracy of the chemical analyses was checked using a cations-anions balance; (ii) the results of the major ions obtained as ppm were converted to equivalent per million (epm) and equivalent per million percent (epm %); (iii) major ions relationships were examined with a correlation matrix, using the Statgraph computer program; (iv) the Piper trilinear plotting system was used to help in the classification of groundwater types; and (v) cluster analysis (Eriksson, 1985) was used to investigate the groundwater quality data.
GEOLOGY
The Gedaref basin is believed to be a tectonic depression (Ruxton, 1956; Kheir, 1980; Almond et al., 1984; Adam, 1987) filled by continental deposits which make up the Gedaref Sandstone Formation. In the central part of the depression there are thick Tertiary basalt lava flows that originated from volcanos and poured out of eruptions aligned along a north-south trending fracture system (Adam, 1987) . The bed-rock geology is illustrated in Fig. 1 . The post-Basement sediments attained great thicknesses ( < 2 km) in the tectonic depression (Ibrahim et al., 1992) . The Gedaref Sandstone Formation is divided into three sandstone units separated by claystone confining beds (Omer, 1978) . A generalized geological column is shown in Fig. 2 .
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GROUNDWATER CONDITIONS
The Gedaref basin encompasses two major aquifers. These are the Gedaref sandstone aquifer system and a basaltic aquifer. The two aquifers are hydraulically connected in most of the study area. Groundwater occurs at depths ranging from 15-200 m under unconfined, leaky, confined and artesian conditions. Recharge is expected to take place from the rivers Setit and Atbara, ephemeral streams, through direct rainfall in outcrop areas, and runoff from the Basement Complex at the margins of the basin (Adam, 1987) . The average transmissivity of the sandstone aquifer is about 280 m 2 day 4 , the average permeability is 0.75 m day" 1 , the storativity varies between 6.3 x 10~2 and 2.0 x 10~7. The basalt aquifer is characterized by a transmissivity of 100 m 2 day 4 and groundwater moves through fissures and joints with an average hydraulic gradient of 1:160 (Adam, 1987) .
WATER QUALITY
Throughout the study area total dissolved solids (TDS) varied from 250 to 2730 ppm. Within the sandstone aquifer the TDS ranged from 280 to 1800 ppm. Salinities above 2000 ppm were encountered in the basalt aquifer and in some pockets within the sandstone aquifer. Figure 3 shows the spatial distribution of TDS in the Gedaref basin. There was a gradual increase in salinity down-gradient in the northwestern periphery of the study area from 550 to 1800 ppm. Two major zones or pockets of high salinities were encountered. Concentration by evaporation in the outcrop areas, the solution of evaporites within the aquifer body and the high percentage of mudstone in the sandstone aquifer may account for such concentrations. Salinity generally increased down-gradient and with depth. Figure 4 shows a plot of TDS with depth in some wells located in the high salinity area. Table 1 and Fig. 5 show the maximum, minimum, average and range of the major ions concentrations in each of the sandstone, basalt and sandstone-basalt water-bearing units within the Gedaref basin.
The cations relationship in the Gedaref groundwater was: Na > Ca > Mg > K The anions of the sandstone aquifer were characterized by: HC0 3 > CI > S0 4 > C0 3 while those of the basalt aquifer were: HCO3 > C0 3 > S0 4 > CI 
Ionic relationships
Generally, most of the ionic relationships could be considered weak. Nonetheless there were positive and negative ionic relationships exhibited in the Gedaref groundwater. The correlation matrix for the sandstone aquifer (Table 2) showed positive linear relationships for all the major ions, alkalinity and hardness. Relatively strong relationships were seem to exist between Na + and TDS, Ca 2+ and CO 2 ". Water samples from the basalt aquifer showed both positive and negative linear relationships (Table 3) . Relatively strong positive relationships existed between HCO3 and TDC, CO^" and TDS, Na + and TDS, Ca 2+ and COfT, Ca and HCOJ, Mg 2+ and COfT, Ca 2+ and SOj -. The extremely good correlation of Na + with TDS on one side and with HC0 3 on the other side threw some light on the relatively high NaHC0 3 , a readily soluble salt in the soil zone which may be dissolved and transferred to the groundwater especially through a highly fractured and jointed zone. The relationship of calcium and magnesium concentrations to bicarbonate indicated that calcite and dolomite were the possible sources of these ions.
Hydrochemical faciès
Piper trilinear plot was used to help in the classification of the waters of Gedaref basin (Piper, 1944; Hem, 1970) . The diamond shapes (Fig. 6 ) distinguish two groups of water with a small zone shared between them. Group A represents the groundwater of the sandstone aquifer system and group B represents the basalt aquifer. In group A, all the samples were mostly Na -HC0 3 + C0 3 type with Ca and Mg increasing along the flow direction. The anions reflected a HC0 3 + C0 3 type with extension in the Cl and S0 4 directions. The waters of group A were strongly alkalinized probably by ion exchange because the water in the sandstone aquifer is mainly a Na -HC0 3 type water with a weak tendency towards a Na -HC0 3 -S0 4 type. Group B waters were relatively dominated by alkaline earth (Ca + Mg) (Na + K), HC0 3 type with a tendency of S0 4 and Cl to increase at the expense of HC0 3 . This is understandable since rain water percolates through weathered and highly fractured basalts. The zone of overlap represents water samples obtained from wells tapping both aquifers. Fig. 6 Piper diamond shape, Gedaref basin, Sudan.
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Cluster analysis
The Piper trilinear plot presented in Fig. 6 considered only the major ions (Na+, Ca 2+ , Mg 2+ , K + , HCO3, COfT, Cl" and SO^-). Cluster analysis can consider as many variables as are available. It is a method of grouping samples into clusters based on similarities and differences between individuals (Davis, 1973) . Before dealing with cluster analysis the data were first standardized using:
where Ky is the standardized ith variable for the y'th sample, X tj -is the data value, X t j is the mean value of the ith variable and S t is the standard deviation. This procedure applies equal weights to each variable. The variables considered in the study were the TDS, total alkalinity, total hardness, Ca 2+ , Na + , K + , HCOJ, COfp, CI" and SO 2^.
The measure of similarity used was the Euclidean distance between samples in JV-dimensional space where JV is the number of different variables considered. The distance between two samples (j, k) is given by:
The computation was carried out with the help of an SPSS package. The cluster tree or dendogram obtained for the Gedaref basin is shown in Fig. 7 .
There appeared to be two main clusters in the Gedaref basin. Cluster I included all the wells tapping the sandstone aquifer system with only two wells tapping both the sandstone and the basalt. All the wells of the basalt and sandstone-basalt aquifer appeared in Cluster II. Wells tapping the sandstone aquifer with TDS exceeding 1000 ppm appeared in Cluster II as well. These wells correspond to the overlap zone in the Piper trilinear plot (Fig. 6) .
CONCLUSION
The groundwater of the Gedaref basin occurs mainly in the Gedaref Sandstone Formation and the Tertiary basalts. Water obtained from each of these aquifers had its own hydrochemical properties. The sandstone aquifer was characterized by a TDS of 280-1800 ppm, water mainly of the NaHC0 3 type with calcium and magnesium increasing down-gradient with the flow. Almost all the sandstone aquifer waters were clustered in one separate group. The basalt aquifer was characterized by a TDS of 250-2730 ppm, the alkaline earth relatively exceeded the alkalines, water was predominantly of the bicarbonate type. Waters from the basalt aquifer appeared in a separate cluster. 
